. Inhibition of p38 MAPK attenuates renal atrophy and fibrosis in a murine renal artery stenosis model.
RENAL ARTERY STENOSIS (RAS) is an important cause of chronic renal dysfunction and hypertension. Atherosclerosis is the most common etiology for the development of RAS. RAS has been identified in 6.8% of individuals over 65 years of age and in almost 40% of patients with a history of coronary or peripheral vascular disease. RAS is a major risk factor for death from cardiovascular disease as well as for the development of chronic renal failure (37) . Optimal management of patients with RAS is limited by a lack of understanding of fundamental mechanisms underlying the development of chronic renal disease.
Recent studies have underscored a critical role for inflammation in the development of chronic renal disease. Of the many signaling pathways that may lead to inflammation, both in vitro and in vivo studies have implicated a critical role of the p38 MAPK pathway in the development of renal inflammation and fibrosis (18, 43, 45, 50) . p38 Is activated by many stimuli that have been implicated in the development of chronic renal damage in RAS, including ANG II, reactive oxygen species, TNF-␣, IL-1, and TGF-␤1 (22) . It has been reported that administration of small molecule inhibitors of p38 might protect kidneys from injury and slow disease progression in several experimental renal disease models (1, 18, (21) (22) (23) . For example, Stambe et al. (42) reported that a specific p38␣ inhibitor, NPC 31169, inhibits renal fibrosis in a rat unilateral ureteric obstruction model.
There is considerable experimental evidence that CCL2 plays a critical role in regulation of inflammatory responses to acute and chronic injury. CCL2 recruits monocytes and subpopulations of T cells during inflammation, and upregulation of CCL2 is highly correlated with renal inflammation and interstitial fibrosis in many renal diseases including diabetic nephropathy (46) , glomerulonephritis (41) , RAS (6) , and ureteral obstruction (25) . CCL2 exerts its functions through binding to its receptor CC chemokine receptor 2 (CCR2). CCR2 is predominantly expressed in monocytes but has also been seen in other cell types such as vascular smooth muscle cells (44) , endothelial cells (48) , fibroblasts (16) , and mesangial cells (MC) (40) . CCL2 can directly stimulate extracellular matrix production in cultured MC (31) , thereby providing a link between inflammation and fibrogenesis in chronic renal disease. We, and others, have demonstrated that p38 MAPK is critical for TNF-␣ or TGF-␤-induced CCL2 expression in vitro and in vivo (5, 10, 14, 24) .
Although we have previously shown that the development of interstitial fibrosis and tubular atrophy in mice with RAS is associated with induction of CCL2 and influx of inflammatory cells, a potential role of p38 in this process has not previously been addressed. We sought to test the hypothesis that inhibition of p38 signaling would block CCL2 expression, reduce renal inflammation, and protect the cuffed kidney from the renal damage in mice with RAS.
MATERIALS AND METHODS
Animals. Studies were conducted in 43 male C57BL/6 mice (NCIFrederick, Frederick, MD), 6 -8 wk of age, weighing 20 -25 g. All animal procedures were performed in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals, and the study protocol was approved by the Mayo Clinic College of Medicine Institutional Animal Care and Use Committee.
Surgical procedures. Mice were anesthetized with a ketaminexylazine mixed cocktail (100 mg/kg ip ketamine, 10 mg/kg ip xyla-zine). The skin of the back was shaved and wiped clean with topical antiseptic and alcohol. The right kidney was exposed through a small flank incision 2 cm in length and externalized. The renal artery was isolated, and a small segment was dissected free of the renal vein. RAS surgeries were performed on 36 mice as previously described (47) . Briefly, a 0.5-mm length of 0.36-mm (external diameter) ϫ 0.20-mm (internal diameter) polytetrafluoroethylene tube (Braintree Scientific, Braintree, MA) was cut open lengthwise and put around the right main renal artery approximately equidistant to the aorta and renal bifurcation. The cuff was then closed and held in place by two 10-0 nylon circumferential sutures (Surgical Specialties, Reading, PA). Sham surgeries without placement of a cuff were performed on 13 mice. The reduction of renal artery blood flow was monitored by pulse-wave Doppler ultrasound using Vevo 770 (Visualsonics, Toronto, Canada). In general, the blood flow was reduced by 60 -80% (47) .
p38 MAPK inhibitors. The p38 inhibitor SB203580 was purchased from Selleck Chemicals (Houston, TX) and was made into a stock of 4 mg/ml solution in DMSO. Mice were weighed, and SB203580 (10 mg/kg ip) along with an equivalent volume of 0.9% saline was administered daily after the surgery. For vehicle-only treatment, equivalent volume of DMSO and 0.9% saline were administered. For in vitro experiments, the p38 inhibitor SB202190 was obtained from Calbiochem (La Jolla, CA), and 10 M SB202190 was added into the medium 1 h before the treatment of TNF-␣ or TGF-␤.
Blood pressure measurement. Blood pressure was noninvasively measured by determining the tail blood volume with a volume pressure-recording sensor and an occlusion tail cuff (CODA System, Kent Scientific, Torrington, CT) (12) . Measurements were taken in conscious mice before surgery 1 and 2 wks following RAS or sham surgery.
Plasma renin activity assay. Blood from inferior vena cava was collected in Vacutainer EDTA tubes on ice. The plasma fraction was separated by centrifugation and stored at Ϫ80°C until assay. Renin activity in plasma was measured via production of ANG I from angiotensinogen using a GammaCoat Plasma Renin Activity Kit (DiaSorin, Stillwater, MN) according to the manufacturer's instructions. Porcine angiotensinogen (cat. no. A2283; Sigma-Aldrich, St. Louis, MO) substrate was used for the assay.
Histology and immunohistochemistry. Animals were killed at 2 wk after the RAS or sham surgery. Mice were weighed and anesthetized with ketamine-xylazine, and the cuffed and contralateral kidneys were excised. The kidneys were weighed, and portions were either fixed for histopathological analysis and immunohistochemical staining or snap frozen in liquid nitrogen for Western blot analysis.
Renal tissue was fixed in 10% neutral buffered formalin, dehydrated, and embedded in paraffin per standard techniques. Sections were cut at a thickness of 5 m and stained with hematoxylin and eosin and Masson's trichrome. Immunostains were performed for CD3 (DakoCytomation, Carpinteria, CA) and collagen 4 (Acris Antibodies, San Diego, CA). A Vectastain ABC Kit (Vector Laboratories, Burlingame, CA) was used for blocking, secondary antibody, and amplification steps. NovaRed (Vector) was used for color development followed by hematoxylin counterstain. To facilitate consistency between staining batches, we stained the slides on the Dako Autostainer, an automated staining machine.
Assessment of histopathological features. Sections were analyzed in a blinded and random fashion using a Leica DMLB microscope (Leica Microsystems), a Micropublisher 3.3 RTV camera (Q-Imaging, Surrey, BC), and the MetaVue Imaging System (Universal Imaging, Downington, PA). Glomerular, interstitial, tubular, and vascular features of renal tissue were assessed on hematoxylin and eosin and trichrome-stained slides. Quantitative analyses of histopathological manifestations of renal injury were performed in a blinded fashion using the MetaVue Image Analysis System (version 6.3r2; Universal Imaging, Downington, PA).
The atrophy area of kidneys was assessed on hematoxylin and eosin-stained slides and was compared with the entire cortical surface area. Glomerular planar surface area and interstitial fibrosis measurements were determined on trichrome-stained slides. Glomeruli were visualized using a magnification, ϫ20/0.50, and the area was measured using MetaVue's Trace Region function to map out the capillary loop. Only glomeruli with a vascular pole were taken into account.
Quantitative analysis of trichrome-positive extracellular matrix and collagen 4 deposition was performed with the MetaVue Imaging System, as previously described (9) . In brief, the entire cortex was systematically analyzed as a series of consecutive fields. For each field, a region of interest containing tubules and interstitium, but excluding glomeruli and large vessels, was defined. The total area of each region of interest was calculated as the percentage of positively staining material relative to the area of the entire region of interest. Results for each region of interest, obtained over the entire renal cortex, were averaged to provide a percentage of total cortical tubulointerstitial area.
Western blot analysis. Tissues were homogenized in 1 ϫ lysis buffer (Cell Signaling, Danvers, MA) with protease inhibitors (protease inhibitor cocktail; Roche Applied Science, Indianapolis, IN) and phosphatase inhibitors (phosphatase inhibitor cocktail 2; Sigma, St. Louis, MO). Homogenates were centrifuged at 10,000 g for 10 min at 4°C, and the resulting supernatants were used for analysis. Protein concentrations were determined using the Lowry method. Equal amounts of lysate, denatured in loading buffer for 5 min at 100°C, were subjected to SDS-PAGE in the Criterion system (Bio-Rad Laboratories) followed by transfer to polyvinylidene difluoride membranes (Bio-Rad). The membranes were blocked with 5% milk in Tris-buffered saline (TBS) containing 0.5% Tween 20 and incubated with primary antibodies for MK2, phospho-MK2, tubulin (Cell Signaling) and CCL2 (Abbiotec, San Diego, CA), followed by horseradish peroxidase-conjugated secondary antibodies (Southern Biotech, Birmingham, AL). The blots were then visualized by exposure to X-ray film using the enhanced chemiluminescense Western blot detection reagents and analysis system (Amersham Biosciences, Piscataway, NJ).
Quantitative real-time PCR. Total RNA was extracted from kidney tissues or cells using the RNeasy Mini Plus Kit (Qiagen, Valenica, CA) according to the manufacturer's instructions. Total RNA was quantitated using spectrophotometry (NanoDrop; NanoDrop Technologies, Wilmington, DE). We first amplified the according genes by PCR using the primer pairs listed as following: m-CCL2 forward: 5=-AGCACCAG-CACCAGCCAACTC-3=, reverse: 5=-TGGATGCTCCAGCCGGC-AACT-3=; m-CCL7: forward: 5=-AGAAGCAAGGCCAGCACA-GAGT-3=, reverse: 5=-GAGCAGCAGGCACAGAAGCGT-3=; m-TGF-␤1: forward: 5=-TTGCCGAGGGTTCCCGCTCT-3=, reverse: 5=-CCTCCCGGGCGTCAGCACTA-3=; m-CCR2: forward: 5=-TCAGCT-GCCTGCAAAGACCAGA-3=, reverse: 5=-CATACGGTGTGGTGG-CCCCT-3=; m-TNF-␣: forward: 5=-GGGACAAGGCTGCCCCGACT-3=, reverse: 5=-TCCTTGGGGCAGGGGCTCTT-3=; m-Col4a1: forward: 5=-TGAAGGCAGGGGAGCTGCGA-3=, reverse: 5=-GCCAAC-GAAGCGGGGTGTGT-3=; m-GAPDH: forward: 5=-GCACAGT-CAAGGCCGAGAAT-3=, reverse: 5=-GCCTTCTCCATGGTGGT-GAA-3=; m/r-18S: forward: 5=-CTCAACACGGGAAACCTCAC-3=, reverse: 5=-CGCTCCACCAACTAAGAACG-3=; r-CCL2: forward: 5=-TAGCATCCACGTGCTGTCTC-3=, reverse: 5=-CATTCAAAGG-TGCTGAAGTCC-3=; r-CCR2: forward: 5=-AGGGGGCCACCACAC-CGTAT-3=, reverse: 5=-AGCCCAGAATGGGAGTGTGAGCA-3=; r-Col4a: forward: 5=-ATTCCTTTGTGATGCACACCAG-3=, reverse: 5=-AAGCTGTAAGCATTCGCGTAGTA-3=. The PCR resulting products were then purified by QIAquick PCR purification kit (Qiagen). These PCR products were confirmed by DNA sequencing. Purified PCR products were quantitated by spectrophotometry and the copy number calculated as follows: 6.02 ϫ 10 23 (copies/mol) ϫ DNA amount (g)/ [DNA length (bp) ϫ 660 (g/mol per bp)]. Based on the calculated copy number of each gene, we make a series of standards ranging from 1ϫ10 to 1ϫ10 8 copies/l. With these standards, we quantified the gene expression in these tissues and cells by absolute real-time quantitative PCR. In brief, first-strand cDNA was prepared from 1 g total RNA using an iScript cDNA synthesis Kit (Bio-Rad, Hercules, CA). All real-time RT-PCR reactions were conducted in a total volume of 20 l using SYBR Green ER qPCR SuperMix (Invitrogen, Carlsbad, CA) and the gene expression levels in each sample were quantified by absolute real-time quantitative PCR with the Bio-Rad iQ5 Gradient Real Time PCR system. Each reaction was in triplicate. The standard curve and data analysis were produced using Bio-Rad iQ5 software. The copy number of each gene was double-normalized to GAPDH and 18S rRNA.
ELISA. The concentration of the secreted CCL2 in the culture medium was determined using the BioSource MCP-1 rat ELISA kit (Life Technologies, Grand Island, NY). MC were treated with or without TNF-␣ and/or p38 inhibitor as indicated. Media were collected from wells at 6 h, and cell debris was removed by centrifuge. Samples were assayed in triplicate for CCL2 concentration following manufacturer's protocol. Final protein concentrations were averages of triplicate samples corrected for background media or negative control values.
Statistical analysis. Data are presented as means Ϯ SE. Comparisons between different groups were performed using Student's t-test for parametric data and the Mann-Whitney U-test for nonparametric data. P values Ͻ 0.05 were considered statistically significant.
RESULTS
Blockade of p38 signaling has no effect on blood pressure, cardiac hypertrophy, or plasma renin activity in 2K1C mice. To investigate the role of p38 signaling pathway in the development of RAS, we used a specific p38 inhibitor, SB203580, to block the activity of p38. SB203580 does not affect the phosphorylation of p38, but prevents ATP binding to p38␣ and p38␤ and blocks the activation of downstream kinases (7). Unilateral RAS was established through placement of a polytetrafluoroethylene cuff on the right renal artery, as previously described (47) . Sham surgeries consisted of exposure and manipulation of the right renal artery, but without placement of a cuff. Sham or RAS mice were treated with SB203580 (10 mg·kg Ϫ1 ·day Ϫ1 ) or vehicle for 2 wk. These mice were evaluated at 2 wk after sham or RAS surgeries. We assessed p38 activity by measuring phosphorylated MAPKAPK-2 (MK-2), a downstream mediator of p38 signaling, via Western blot analysis. Phosphorylated MK-2 was increased in all the RAS kidneys with vehicle treatment, but this elevation was blocked or reduced with SB203580 treatment, verifying the in vivo efficacy of this inhibitor in preventing p38 activation (Fig. 1) . After 2 wk, the mean body weight of RAS mice was slightly lower than that of sham mice (21.2 Ϯ 0.4 vs. 22.8 Ϯ 0.6, P Ͻ 0.05). However, inhibition of p38 by SB203580 did not alter the mean body weight in either sham or RAS group after 2 wk of treatment (Table 1) .
As expected, mice subjected to RAS surgery developed hypertension within 1 wk (systolic pressure 130 Ϯ 3 vs. 105 Ϯ 4, P Ͻ 0.05). However, treatment of SB203580 did not alter the mean systolic blood pressure in either sham or RAS mice, suggesting SB203580 is not critical for the development of high blood pressure in RAS. Similarly, 2 wk after the operation, the blood pressure in RAS mice remained elevated; treatment with SB203580 still had no significant effect on mean systolic blood pressure ( Fig. 2A) . Plasma renin activity, as assessed by ANG I content, was increased in RAS mice compared with those in sham mice. However, inhibition of p38 by SB203580 did not alter renin activity, suggesting that p38 does not modulate the renin-angiotensin-aldosterone pathway (Fig. 2B) . Similarly, we observed that mean heart weight was increased in RAS mice (117 Ϯ 3 vs. 108 Ϯ 2 mg, P Ͻ 0.05), but SB203580 had no effect on the mean heart weight in either sham or RAS group (Table 1) , suggesting p38 inhibition did not alter RAS-induced cardiac hypertrophy.
Inhibition of p38 attenuates renal fibrosis and tubular atrophy in RAS mice.
In accordance with our previous observations, the cuffed kidneys of vehicle-treated mice developed renal atrophy, as evidenced by a 57% reduction in weight compared with sham controls (P Ͻ 0.05) ( Table 1) . Treatment with SB203580 reduced the extent of renal atrophy (mean kidney weights 87 Ϯ 7 mg in SB203580 treated mice vs. 63 Ϯ 5 mg in vehicle treated mice; P Ͻ 0.05). The glomeruli A: mice systolic blood pressure was measured 1 day before and 1 and 2 wk after the surgery in different groups as indicated. Values are means Ϯ SE. Blood pressure (BP) was significantly increased in mice at 1 and 2 wk after RAS surgery with or without SB203580 treatment. *P Ͻ 0.01. B: 2 wk after sham or RAS surgery, renin activity in EDTA plasma was assessed via production of ANG I from exogenously added angiotensinogen substrate using GammaCoat Renin Activity 125 I RIA Kit (Diasorin, Stillwater, MN). Values are means Ϯ SE, *P Ͻ 0.05, NS, not statistically significant. evaluated in sections obtained from the cuffed kidneys of vehicle-treated mice were decreased in size. Mean glomerular area had a 37% reduction in stenotic kidneys with vehicle treatment. However, this reduction of mean glomerular area was partially inhibited by p38 inhibition (Table. 1). As we have previously observed, the contralateral kidney underwent compensatory hyperplasia (6) but this process was not significantly affected by SB203580 treatment.
Histologic analysis of the cuffed kidney of vehicle-treated mice showed generalized tubular atrophy, characterized by decreased glomerular spacing, flattening and simplification of tubular epithelium, thickening of tubular basement membranes, and focal interstitial inflammatory infiltrates (Fig. 3C) . The mean percentage of tubular atrophy in cuffed kidneys of vehicle-treated mice was 70%. Treatment with SB203580 reduced the atrophy rate in RAS kidneys to 39% (P Ͻ 0.05), suggesting that p38 is critical for the development of renal tubular atrophy in RAS (Fig. 3, D and E) .
The cuffed kidneys showed a significant increase in interstitial extracellular matrix deposition, as assessed by quantita- tive analysis of trichrome-stained histologic sections (6.0 Ϯ 0.9% vs. 0.3 Ϯ 0.1%; P Ͻ 0.01; Fig. 4, A and C) . Treatment with SB203580 reduced extracellular matrix deposition by over 50% (6.0 Ϯ 0.9% RAS vs. 2.7 Ϯ 0.6%; P Ͻ 0.05, Fig. 4,  D and E) . Accordingly, this reduction in extracellular matrix deposition was associated with a 50% decrease in collagen 4 mRNA expression (Fig. 8F) . Immunohistochemical staining for collagen 4 also confirmed that collagen deposition was increased in the stenotic kidneys but was reduced by p38 inhibition (Fig. 5, A-E) .
Inhibition of p38 reduces expression of CCL2 in RAS mice.
In other experimental models, inhibition of p38 reduces the inflammatory response to tissue injury (23, 30) . In our previous studies, we found that the development of renal atrophy in the stenotic kidneys was associated with induction of CCL2 and the influx of inflammatory cells, including macrophages and T cells (6) . We therefore sought to determine whether blockade of p38 signaling reduces renal inflammation in the 2K1C model. Based on our previous studies, the predominant inflammatory cell type present at 2 wk following RAS surgery is the CD3ϩ T lymphocyte, which is followed by macrophage infiltration at later time points. We found that SB203580-mediated reduction in renal atrophy was associated with decreased interstitial infiltration with T cells, as evidenced by CD3 staining (Fig. 6, A-E) .
In accordance with our previous findings, CCL2 production was significantly increased in stenotic kidneys, but this upregulation was attenuated through inhibition of p38 with SB203580 treatment (Fig. 7, A and B) . Quantitative real-time PCR data confirmed a similar trend of CCL2 expression at the mRNA level (Fig. 8A) . We also investigated the expression of other cytokines and chemokines known to direct inflammation and fibrosis in chronic renal injury (TNF-␣, TGF-␤1, TGF-␤2, TGF-␤3, IL-6, CCL5, CCL7, and CCL8), their receptors (TGF-␤R1, TGF-␤R2, and CCR2), adhesion molecule (Fn1 and ICAM-1) and extracellular matrix components (Col1a1, Col3a1, and Col4a1). The expression of all of these genes was increased in the cuffed kidneys of mice subjected to RAS (data not shown). Blockade of p38 partially blocked the upregulation of CCL2, CCL7, CCR2, and Col4a1 (Fig. 8, A-D) . Like CCL2, CCL7 is a secreted chemokine which attracts monocytes during inflammation. CCR2 is the major receptor for both CCL2 and CCL7. Given the fact that Col4a1 expression is regulated by CCL2 (34), these data suggest that p38 is critical for activation of CCL2/CCL7/CCR2 signaling pathway in stenotic kidneys and blockade of p38 signaling attenuates the renal inflammation in RAS through interruption of this pathway.
Inhibition of p38 reduces CCL2 expression in vitro. To confirm the critical role of p38 on CCL2 expression, we then performed a series of in vitro studies in cultured rat renal MC. Consistent with our previous findings (5), we found that TGF-␤ is a potent stimulus for CCL2 production by MC. However, TGF-␤-mediated induction of CCL2 was abolished by SB202190 (Fig. 9A) . As expected, TGF-␤ also induced CCR2 and collagen 4a expression but inhibition of p38 by SB202190 reduced them to baseline levels (Fig.  9C) . Measurement of CCL2 secretion by ELISA showed a similar pattern for TNF-␣-stimulated CCL2 in rat MC. TNF-␣ increased CCL2 production by over fivefold, but this upregulation was reduced to baseline levels by SB202190 (Fig. 10) .
DISCUSSION
RAS, most commonly caused by atherosclerosis, remains an important cause of renal dysfunction and is associated with significant cardiovascular morbidity and mortality. Despite numerous studies, the mechanisms underlying irreversible renal injury and progressive deterioration of kidney function have not been fully elucidated in patients with RAS. It has been well recognized that the activation of the renin-angiotensinaldosterone pathway results in elevation of blood pressure and contributes to both cardiac and kidney injury. Renal ischemia and oxidative stress are also potent proinflammatory stimuli and have been shown to play an important role in RASmediated chronic renal damage (15, 26) .
Previous reports have indicated that inhibition of p38 MAPK may reduce tissue inflammation. Furthermore, inhibition of p38 has also been shown to reduce fibrosis in several models of chronic renal diseases (29, 33, 36, 38, 49) . Although these studies have supported a beneficial effect of p38 inhibition to prevent renal disease progression, inhibition of p38 exacerbates renal injury in a remnant kidney model (31) . A potential role of p38 inhibition in preventing chronic renal damage in the setting of RAS has not previously been defined. In our studies, we demonstrated that p38 MAPK is activated following induction of RAS and that blockade of p38 activity partially reduces interstitial fibrosis, tubular atrophy, and interstitial inflammation in the stenotic kidney.
In our studies, we did not observe a significant effect of p38 inhibition on blood pressure on either sham or RAS mice (Fig.  2) . Previous reports have suggested that inhibition of p38 MAPK could reduce blood pressure in a renal ANG II-infusion hypertension model (1, 11, 35 ). Similar to the RAS model, the ANG II-infusion model presents with elevated blood pressure and heart and kidney damage. However, there are some significant differences between these models. Although the ANG activities in the 2K1C RAS model are elevated, there may be ANG II-independent pathways that promote renal damage in this model. In particular, inflammation, which plays a critical role in the progression of renal damage, may occur through both ANG II-dependent and independent pathways. In this study, we found p38 inhibition did not significantly change renin-1 activity and systolic blood pressure in mice 2 wk after the RAS surgery, suggesting that the effects of p38 on the damage of stenotic kidneys do not depend on the reninangiotensin-aldosterone system. Consistent with our findings, de Borst et al. (8) have reported that inhibition of p38 did not affect the blood pressure in high renin homozygous transgenic rats, another widely-used hypertension animal model. Given the diverse cellular pathways which p38 MAPK affects, it is conceivable that p38 inhibition has different influences on blood pressure in different disease models.
Our studies highlight a critical role for CCL2/CCL7/CCR2 system in the progression of RAS. The expression of CCL2/ CCL7/CCR2 is induced following induction of RAS and is associated with the influx of inflammatory cells. CCR2 is the receptor for both CCL2 and CCL7 and its role in fibrosis has been defined in several disease models by applications of specific receptor antagonists and gene knockout animal models (20, 27, 51) . CCL2/CCR2 may induce intercellular adhesion molecule 1 (ICAM-1) expression, leading to enhanced monocyte adhesion (13) . Furthermore, CCL2/CCR2 has also been demonstrated to regulate collagen expression and deposition in extracellular matrix (21, 34) . CCL7 is an important mediator of fibrosis in systemic sclerosis (32) , but its role in renal fibrosis is still not clear. Given the fact that the induction of CCL2/ CCL7/CCR2 in stenotic kidney was partially blocked by p38 inhibition, we propose that CCL2/CCL7/CCR2 system is a critical mediator for p38-activated fibrogenesis in RAS. In accordance with observations made by other investigators (2, 19) , our in vitro studies confirmed that p38 is an essential signaling intermediate for TGF-␤ and TNF-␣-induced CCL2 expression. Therefore, both our in vivo and in vitro data suggest p38 is important for induction of CCL2/CCL7/CCR2 system, which plays a critical role in renal fibrosis in RAS.
The underlying mechanism by which p38 regulates the expression of proinflammatory cytokines is not fully understood. It has been suggested that p38 might control the mRNA turnover of these cytokines. Many proinflammatory cytokines are encoded by mRNAs that contain destabilizing AUUUA motifs in the 3= untranslated regions. The RNA binding protein tristetraprolin recognizes these motifs and directs mRNA for Fig. 10 . Inhibition of p38 reduces TNF-␣-stimulated CCL2 expression in rat MC. MC were pretreated with vehicle or p38 inhibitor SB202190 for 1 h, followed by 10 ng/ml TNF-␣ for 6 h. The concentration of CCL2 secreted into the culture medium was quantified by using a rat-specific CCL2 ELISA kit. Values are means Ϯ SE, *P Ͻ 0.01. Fig. 9 . Inhibition of p38 blocks TGF-␤-induced upregulation of CCL2 and col4 expression in rat glomerular mesangial cells (MC). MC were pretreated with vehicle (0.1% DMSO) or p38 inhibitor SB202190 for 1 h, followed by 10 ng/ml TGF-␤1 for 6 h. Total RNA was isolated and the copy number of each gene in 1 g total RNA was measured by absolute quantitation real-time PCR and normalized by 18S rRNA. CCL2 (A); Col4a (B); CCR2 (C). Values are means Ϯ SE, *P Ͻ 0.01; **P Ͻ 0.05. rapid degradation (4) . p38 Phosphorylates and activates MK-2, which further leads to phosphorylation and inactivation of tristetraproli. Thus, p38 activation can stabilize the mRNAs of these proinflammatory cytokines and increase their expression. On the other hand, inhibition of p38 leads to activation of tristetraproli and decreases the expression of these cytokines by accelerating the mRNA turnover (3). We found that p38 inhibition reduced the RAS-induced elevation of several cytokines such as CCL2 and CCL7. On the other hand, other cytokines (IL-6, CCL5, and CCL8) appear to be induced in a p38-independent fashion. These data suggest there are other signals to mediate the elevation of these cytokines in RAS kidneys. Given that p38 inhibition only partially blocked the tubular atrophy and interstitial fibrosis, it is likely that other signaling pathways also contribute to the development of atrophy and fibrosis in this model.
In summary, the data reported here demonstrate that p38 MAPK activity is essential for inflammation and fibrosis development in stenotic kidneys in RAS. Inhibition of the p38 signaling pathway reduces T lymphocyte infiltration and expression of proinflammatory cytokines, such as CCL2 and CCL7. In vitro experiments on rat MC have also shown that CCL2 might be a critical mediator of p38 signaling. There has been recent interest in the potential clinical use of low molecular weight inhibitors of MAPK signaling pathways as antiinflammatory agents (17, 36, 39) . A low molecular weight p38 inhibitor has recently been used to treat humans with idiopathic pulmonary fibrosis (28) . Based on these considerations, we propose that low molecular weight p38 inhibitors may have therapeutic benefit in preventing irreversible renal dysfunction in patients with RAS.
